This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. Abstract Electromagnetic vibration energy harvesters including magnetically levitated devices where opposing magnets are used to form the spring have been well documented. The strength of the magnets naturally has a large influence on the dynamic characteristics and output power of such harvesters. However, it can be affected by ambient temperatures which vary from applications to applications. This paper presents investigation into the performance of a magnetically levitated electromagnetic energy harvester under various ambient temperatures. Parameters investigated include magnetic flux density, resonant frequency, damping ratio, open circuit output voltage, velocity of the relative motion and the load resistance. Both simulation and experimental results show that these properties vary with ambient temperatures. The magnetic flux density reduces as the temperature increases which results in lower resonant frequency, lower relative velocity, lower open circuit output voltage and higher damping ratio. Varying resonant frequencies with temperature can lead to harvesters being de-tuned from the target vibration frequency. Decreasing magnetic field strength and increased damping ratios will also reduce output power even if the harvester's resonant frequency still matches the environmental vibration frequency. The power transferred to the electrical load will be reduced due to the variation in the optimal load resistance with temperature. This means the harvester is no longer matched to achieve the maximum harvested power. The specified maximum operating temperature of the magnets was found to lead to partial demagnetisation. When cycling from room to the maximum specified temperature, the magnetic field was initially found to fall but remained constant thereafter. Harvesters were found to operate beyond the specified maximum operating temperature of the magnet, but suffer from a reduced magnetic strength.
Introduction
In recent years, energy harvesters have been widely developed for various applications due to their ability to generate power from the ambient environment and overcome the limitations of batteries such as finite lifetime, issue of disposal, limited power density, and cost of maintenance [1] . One of the most common energy harvesters is kinetic energy harvesters that convert energy in the form of vibrations or environmental motion into electrical energy typically using electromagnetic, piezoelectric or electrostatic transduction mechanisms.
Electromagnetic transduction has been achieved by exploiting relative movement between permanent magnets and a coil, by varying flux gradients intersecting a coil or a combination of these. The velocity of the relative movement between the magnets and coils, the number of coil turns, and the strength of the magnetic field all affect the amount of electrical energy that can be generated [2] . The temperature effects have been considered in some of the reported electromagnetic transducers especially in the processes of design and fabrication. Glynne-Jones et al [3] addressed the compatibility of working temperature and type of magnet to maintain strong flux density for a high degree of coupling. Neodymium-Iron-Boron (NdFeB) chosen for their electromagnetic generator in order to apply with the car engine which has a working temperature of up to 120°C. Zorlu et al [4] mentioned that the variation of the damping ratio with temperature has an influence on the analytical results of performance of the electromagnetic energy harvester proposed. The fabrication process of the electromagnetic energy harvester using buried NdFeB proposed by [5] was improved by maintaining process temperatures below 60°C in order to avoid the demagnetization of the magnetic film which otherwise would cause deterioration in the performance of the final device. These papers highlight the importance of considering temperature when fabricating or using electromagnetic transducers, but to the best of our knowledge the effects of temperature on electromagnetic vibration energy harvesters have not been discussed in details.
The temperature dependence of the coercive fields in permanent magnets has been investigated by Hu et al [6] . Magnets lose their magnetism when they are operated in an ambient temperature that exceeds their Curie temperature. It was also shown that the remanence and coercivity decrease with rising ambient temperature as characterised by the temperature-dependence equations presented by Calin et al [7] . Luo et al [8] highlighted that the effect of temperature should be considered alongside the grade of magnet used because the low Curie temperature of some magnets leads to a limited operating temperature range potentially close to room temperature that makes them unsuitable for many applications. Example specified temperature ranges for different types of applications include 0°C to 70°C for commercial, -20°C to 85°C for industrial, -40°C to 125°C for automotive and -55°C to 125°C for military. Typical temperature properties for a range of magnet materials are provided in Table 1 .
Although the influence of temperature on magnetic properties has been widely investigated, characterization of electromagnetic energy harvesters under various ambient temperatures has not been well studied. The effects of temperature variations are an important consideration for all electromagnetic energy harvesters, and are especially relevant in the case of magnetically-levitated energy harvesters. Therefore, this paper studies the effects of temperature on the performance and fundamental properties of a magnetically-levitated energy harvester such as that shown in Fig. 1 . The variation of magnetic flux density, the resonant frequency, damping ratio/quality factor, velocity of relative motion, open circuit output voltage and the optimal load resistance are all affected by temperature.
In this paper, the design and fabrication of the energy harvester used in the experiments is described. The theoretical background and the governing equations relating to magnetically levitated harvesters and magnetic characteristics are given in section 3. A comprehensive set of experimental and simulation results are presented and discussed in section 5.
Structure of the energy harvester
The harvester shown in Fig. 1 represents a standard configuration demonstrated in several devices in the literature [12] [13] [14] [15] [16] [17] [18] , with some variations in the design and arrangement of the moving-mass components. Some of these harvesters were developed for harvesting energy from human movement which is characterized by low frequency high amplitude displacements [19, 20] . The effect of temperature on the performance of such harvesters is least important in human applications due to the limited temperature range e.g. 0°C -40°C. In contrast, this magnetically levitated configuration has also been applied for harvesting energy from tyre deformation. The harvesters were developed to power a wireless sensor network attached at the inner surface of the tyre for measuring the interaction between the road and vehicle, i.e. pressure, temperature and acceleration [16, 21] . The standard automotive temperature range is -40°C to 125°C and this is a real practical consideration since when traveling at a velocity of 100 km/h or when breaking from of 35 km/h tyre temperature can reach to 80°C and 90°C respectively [22, 23] .
The harvester studied in this work consists of two fixed magnets at the top and bottom of a Teflon tube. The tube contains a moving mass consisting of two magnets with a ferromagnetic spacer placed in between them in order to join the magnets together and concentrate the magnetic flux. In addition, the magnets have been aligned with likepoles facing each other as shown in Fig. 1 . The magnetic flux density generated by the magnets at different temperatures was simulated by COMSOL as shown in Fig. 2 . The voltage is induced in a stationary copper coil due to the variable and moving magnetic field that intersects it.
The interaction between the fixed and moving magnets results in nonlinear behaviour. The magnetic forces are nonlinearly varying with separation distance which results in a nonlinear magnetic spring. The properties of the magnetic spring are determined by the properties and strength of the magnets. Thermal demagnetization of the permanent magnets will reduce the performance of the harvester and change the dynamic behaviour of the magnetically levitated energy harvester. These effects will be explored using both simulations and experimental analysis and the results can be adapted for other types of devices.
Theoretical background

Magnet Characteristics
The magnet chosen for this work is NdFeB magnet (hard magnetic material) which has a high magnetic strength and magnetic coercivity [24] [25] [26] . The characteristics of a magnetic material are shown by its hysteresis plot, which illustrates the ability of a magnetic material to retain its magnetization. The hysteresis behaviour of each magnetic material is indicated by magnetic parameters such as coercivity (Hc) and remanence (Br). The ability of the magnet to resist demagnetization is indicated by the value of coercivity (Hc) with higher values meaning it is more difficult to magnetise or demagnetise the material [27] . The residual magnetisation after the removal of the external magnetic force used to polarise the magnet is denoted by the remanence (Br) [28] . The higher the remanence, the larger the magnetic flux density (B) produced by the magnet, for example, described by equation (1) which is an estimate of the magnetic flux density, B, produced by a cylindrical magnet [29] .
where S is the distance from a pole face on the symmetrical axis (m), L is the length of magnet (m), and R is the radius of magnet (m). The relationship of remanence (Br) and the coercivity (Hc) can be presented by [30] ≈ 0
Where µ0 = 4π×10 -7 H/m is the permeability of free space and the coercive field µ0Hc is about 4-8% less than Br. The information about the variation in these properties can be acquired by observing the demagnetization curves in the second quadrant of the hysteresis loop [31] . In this paper, the temperature coefficient of the remanence αB r has been used to estimate the change in remanence with temperature as expressed in % change per degree C by
where T is temperature. The remanence at different temperatures can be estimated by multiplying the temperature coefficients with the temperature difference to obtain the percentage changes in expected Br. The Curie temperature, Tc, of NdFeB magnets varies depending upon the grade but typically ranges from 300 to 400°C, which is lower than some other rare-earth magnet such as Samarium-Cobalt (Tc ≅ 700 -800°C) [32] . The practical maximum operating temperature will be less than the Curie temperature and hence the relatively low Tc limits their applications [33] [34] . In order to apply NdFeB magnets properly in particular applications, the temperature dependence of their magnetic properties should be appreciated.
Magnetically levitated Harvester
A conventional second-order spring, mass and damper system, as shown in Fig. 3 , is typically used to model a linear inertial energy harvester. The magnetically-levitated harvester presented in this paper is further characterized using the nonlinear model due to nonlinear vibration of a magnetic spring. The governing equation can be derived by the equation of acting forces on the seismic mass, given by [35] 
where z(t) is the relative displacement of the seismic mass m and the base, cm is the mechanical damping coefficient, θ is the electromagnetic coupling, is the electric current generated by the device, k and k3 are linear and nonlinear spring stiffness respectively, y(t)=Ycos(ωdt) is the external excitation, the magnetic restoring forces FS is characterised by the polynomial expansion of the relative displacement, f(z). The Duffing equation is assumed to describe the nonlinear behaviour of the spring force. The first order and third order terms are considered as dominant terms, as shown in equation (5).
The term θi represents the electromotive force, which converts dissipated kinetic energy to electrical energy. This term can be transformed to a resistive force proportional to the relative velocity ż(t), as shown in equation (6).
As a result, the damping coefficient, c, comprises of mechanical damping cm and electrical damping ce. From the above equation, the system characteristics can be analysed by the key parameters of conventional second-order spring, mass and damper system as follows. = √ ⁄ .
where ωn is the natural frequency of the device,  is the total damping ratio and Q is the Quality factor. These parameters are the key considerations for any further analysis (either analytical or numerical) of a magnetically levitated electromagnetic vibration energy harvester. The analysis of the energy harvester often involves determining the power transferred to the electrical load and the optimal load condition. Due to the complexity of nonlinear behaviours, the analysis can be achieved with the following simplifications [36, 37] :
where RL_opt is the optimal load resistance, PL_opt is the power transferred to an optimal load, RC is the coil resistance, ωd is the external exciting frequency and a is the excitation acceleration levels. However, in the levitated harvester, magnetic forces are acting in the place of a mechanical spring. Hence, the magnetic properties of the magnets will have a prominent effect on the characteristics of the harvester. In this paper, we show the effects of the ambient temperatures on the key parameters of the levitated harvester caused by the changes of mechanical and magnetic properties. The link between the key parameters and temperature is the magnetic force, and therefore the approximate model of the magnetic force (FM) between two cylindrical magnets is given here for further reference [38] .
The equation of the magnetic force composes of the geometrical constants R1, R2, L1 and L2 of each cylindrical magnet where R represents the radius and L represents the length of the magnet (m). The function of FM can be separated into two parts:
2) The function in terms of the relative distance between the two magnets, d.
The constant  shows a second order relationship with magnetisation M ( ~ M
2 ). This explicitly shows the connection between FM and the temperature, since the magnetisation can be expressed by the terms of the temperature-related quantity Br as Br = µ0M [39] . Moreover, if Br is assumed to vary linearly with temperature T in equation (3), FM should vary quadratically with temperature. The second part of FM is expressed by the function f(d) in terms of the relative displacement between the associated magnets, therefore FM can be transformed into a polynomial expansion
In the case of levitated devices, the magnetic forces are modelled as the nonlinear restoring spring force FS, hence FS is then represented by the total magnetic force of FM 1 and FM 2 as seen in Fig. 4 .
Additionally, the relative displacements between magnets d1 and d1 can be expressed by an offset of the relative displacement z between the seismic mass and the base. So, FS can be rewritten in a form of polynomial expansion in terms of z
Assuming that the Duffing equation can closely explain the nonlinear behaviour of the device, FS should be able to approximately fit into the polynomial form described in equation (5).
According to the equation (15), all stiffness coefficients of the nonlinear spring contain the constant term, derived from the magnetic force, therefore they can be rewritten in the quadratic form of the temperature. The experiment presented in section 5 will experimentally test this hypothesis for the relationship between the spring stiffness coefficients and temperature proposed in this section.
Experimental procedures
The Neodymium magnet used in this work is the sintered N35 grade NdFeB permanent magnets with a diameter of 4 mm and a thickness of 1 mm. Its magnetic properties are given in Table 2 .
For the purposes of simulation, the values of remanence Br at different temperatures obtained from the N35 magnet datasheet have been applied to the simulation model using COMSOL in order to calculate parameters, e.g., magnetic flux density, magnetic forces, and induced voltage. Although the value of remanence Br provided in the datasheet was only stated at room temperature (20°C); the values at the temperature of 30°C, 40°C, 50°C, 60°C, 70°C, and 80°C can be calculated by using equation (3) and the temperature coefficient of remanence, αB r , mentioned in Table 2 . The values of remanence Br at different temperatures are presented in Table 3 . The simulation results from COMSOL will be compared with the experimental results in each section.
In order to study the temperature effect on the characteristics of the magnetically levitated harvester, the experiments have been separated into three sections. In section 5.1, static measurements of the magnetic flux density B of a N35 cylindrical magnet from room temperature to 80 °C are presented. This includes direct measurement of B on the top surface of the magnet using a Gauss meter model GMET H001. The variation of the quiescent position (z0) and the magnetic forces (FS) on the floating magnet at different temperatures are also presented. The quiescent position, z0, was quantified in order to compare with the experimental results by calculating the position at which the magnetic forces, FS, on the levitating magnet is equal the gravitational force, FG, as given by
In this paper, the quiescent position (z0) is one of the parameters used to indicate the strength of magnetic field under various ambient temperatures. Section 5.2 presents measurements of the dynamic properties of the harvester taken in an environment chamber. The electromagnetic energy harvester shown in Fig. 1 was tested on a shaker table located within the chamber in order to measure the resonant frequency and the output voltage of the harvester generated under various ambient temperatures. These measurements include stopping the shaker abruptly in order to record the attenuated impulse response of harvester, as shown in Fig. 5 , which enables the harvester's damping factor to be calculated.
The damping factor can be determined from the system response using the following equation [41] :
where is the damping ratio, and α is defined as = 1 ln 1
+1
. The quality factor Q can be calculated from (9) . This section also demonstrates how the velocity changes with temperature and discusses the variation in the voltage induced due to the change in velocity and magnetic flux density. The effect of the temperature on the value of the optimal load resistance is clarified in Section 5.2.4. Section 5.2.4 presents the influence of magnetic hysteresis on the performance of the levitated harvester. The ambient temperature of the harvester was cycled in an environmental chamber between temperature of 20°C and 80°C. This heating and cooling processes take 30 minutes per cycle. The change in the resonant frequency of the harvester after temperature cycling is recorded at 1 cycle, 5 cycles, 10 cycles, 15 cycles, 20 cycles, 30 cycles, 40 cycles, and 50 cycles.
Results and Discussion
Static characterization of magnets and harvester
The magnetic flux density B of the magnet was measured at various temperatures from 20°C to 80°C. Fig. 6 show the deterioration of magnetic flux density with rising temperature as measured by the experimentally and predicted by the COMSOL simulation results. There is a clear decrease in the magnetic flux density versus increasing temperature. The effect of this decrease can be identified when observing the inertial mass position in the magnetically levitated harvester at different temperatures as shown in Fig. 7 . The initial moving-mass position decreases with increasing temperature. It can be described by the relation of magnetic flux density and magnetic force as expressed in equations (12) . The reduced magnetic flux density of magnets due to the increased temperature reduces the magnitude of the force between moving mass and fixed bottom magnet which results in the reduced height of the quiescent position as illustrated in Fig. 7. Fig. 8 compares the measured height and predicted height of the quiescent position calculated from the magnetic forces simulated by COMSOL using equation (16) . The results from measurement and calculation are comparable and show a small offset of 0.3 mm approximately. The offset is caused by the parameters used in the simulation, e.g, remanence Br, which was an approximated value taken from the range of the values provided in the data sheet. Fig. 9 shows the simulation results of the total forces (FS-FG) on the levitated mass versus relative displacement, z, at different temperatures. The net force increases as the moving mass approaches the fixed top or fixed bottom magnets. Furthermore, it is clear that the net force decreases with the rising temperature.
Dynamic characterisation of the harvester
The fabricated harvester shown in Fig. 10 consists of two NdFeB cylindrical magnets pieces (Ø4 mm x 1 mm thickness) fixed in position at the top and bottom of the Teflon tube (Ø4.32 mm ID x 0.51 mm wall x 20 mm length). The coil is wound from Ø50 µm copper wire with 1,100 coil turns and this is positioned mid-way along the length of the tube. The moving mass was composed of two cylindrical Tungsten pieces (Ø4 mm x 1 mm thickness), two NdFeB magnets and a ferrite spacer with the same diameter of Ø4 mm as shown in Fig. 1 . The harvester was tested on an electromagnetic shaker located inside an environmental chamber for temperature control. In order to measure the resonant frequency of the harvester, it was excited in the vertical direction at 500 mg (1g = 9.8m/s 2 ) in the temperature range of 20°C to 80°C. The measured resonant frequencies under various temperatures were compared with the simulation results predicted in COMSOL as presented in Fig. 11 .
Resonant frequency and spring stiffness
To predict the resonant frequency of the harvester, the linear and nonlinear spring stiffness (k and k3) at different temperatures are estimated by curve fitting on the net forces simulated in Fig. 9 (see Appendix A for details). The polynomial expansions of Fs from curve fitting can be aligned with the assumption of the nonlinear spring force described in equation (5) . The spring stiffness parameters estimated from the fitting equations are presented in Table  4 . Any variation in magnetic force results in the change of spring stiffness. For a fixed moving magnet displacement, a reduction in the magnetic forces will result in a lower spring stiffness, which lowers the resonance frequency of the energy harvester according to Eq. (7).
The polynomial fit has been applied on the stiffness-temperature curve to show the effect of temperature on the spring stiffness, k as shown in Fig. 12 . This relation can be expressed in quadratic and cubic forms as Quadratic fitting: = −0.0007 2 − 0.042 + 6.9 (18) Cubic fitting: = −6.9 −6 3 + 0.00034 2 − 0.0054 + 7.5 (19) According to the results from curve fitting, the quadratic form has given an acceptable approximation in comparison to the cubic form. The norms of residuals for quadratic and cubic fitting are 0.15423 and 0.11562 respectively. The dominant terms of both equations are the 1 st order and the 2 nd order. Therefore, this confirms the hypothesis that the function of spring stiffness, k. can be expressed in quadratic form as mentioned in section 3.2.
The resonant frequency reduces as the temperature is increased as shown in Fig. 11 . This is due to the reduction in the magnetic forces as the consequence of the lower magnetic field as mentioned in Eq. (12) resulting in reduced spring stiffness as the relation in Eq. (15) . This is a serious consideration for resonant energy harvesters tuned to a target frequency present in the environment. The change in resonant frequency could lead to a significant drop in the output of the harvester.
Mechanical damping factor
The mechanical damping factor was measured when the harvester is open circuit to minimise electrical damping. It was determined by monitoring the decay in the harvester output after stopping the driving vibrations. The damping ratio and quality factor Q can be calculated using equations (9) and (17) . The dependence of damping ratio with temperature is shown in Fig. 13 . The damping ratio is linearly increasing with the rising temperature. This is due to the increasing friction between the moving mass and inner surface of the tube. This is due to the unequal thermal expansion coefficients of the materials used in the harvester construction. The thermal expansion coefficient of Teflon tube (PTFE) is quite high; 143.3×10 -6 /°C, when compared with other material as in Table 5 and this causes a reduction in the gap between the moving mass and the tube wall as the temperature increases.
This result is arguably more unforeseen than the previous results but is very important for the operation of the harvester. The level of damping reflects the level of unwanted mechanical losses and these losses increase at higher temperatures. The effect on the harvester of the increased losses is described as follows.
Open circuit voltage
Faraday's law describes the induced voltage. The electromotive force (emf) or voltage induced in a coil is proportional to time-rate change of magnetic flux linkage through a coil, given by [45] 
where is induced voltage, is the total magnetic flux linking the coil, N is number of coil turns, B is the flux density, A is the area of the coil, l is length of a coil, and ż(t) is the velocity of the relative motion which can be determined from Eq. (6) as
where Y is the amplitude of external sinusoidal vibration, and is the phase angle. At resonance the induced voltage simplifies to
Equation (22) succinctly summarises the effects of the change in magnetic and dynamic properties of the harvester on the output voltage. It is clear the magnetic flux density, B, has a direct effect on the induced voltage. The reduction in magnetic flux density due to the dependence of the remanence Br (Eq. (1)) on temperature also reduces the spring constant, which in turn reduces the resonant frequency. The fall in the resonant frequency reduces the relative velocity of the magnets and this also reduces Vemf. The increase in the damping ratio with temperature will also reduce the velocity. The combined effect of the increasing damping ratio and decreasing resonant frequency on the relative velocity is shown in Fig. 14 . The net effect on the induced voltage of these factors is shown in Fig. 15 . Fig. 15 shows the open circuit output voltage generated by the energy harvester when excited by an electromagnetic shaker under different temperatures. The excitation level was fixed at 500 mg and the excitation frequency was varied to maintain resonance across the temperature range. The induced voltage is decreasing with rising temperature, which is consistent with the simulation result.
Since both B and velocity affect the induced voltage then, provided constant coil parameters, the decrease in B and velocity will both contribute to the lower induced voltage. Simplifying the harvester model as shown in Fig. 4 to describe the amount of voltage induced under the influence of B, it implies that the direct effect of the change in the magnetic flux density B is the most significant effect on the open circuit output voltage. Using the equations (5), (7) and rewriting the equation (22) 
where D is the distance between fixed magnets, and function g is a function whose output value is dimensionless. It can be noted that the open circuit output voltage is proportional directly to the square of magnetic flux density.
Optimal load resistance
The effect of temperature on the values of the optimal load resistance RL_opt at which the maximum power is obtained for a given frequency is presented in this section. The harvester was shaken at its resonant frequency and the value of the optimal load resistance was recorded for different ambient temperatures. The results are presented in Fig.  16 . These results show good agreement with the results calculated using equation (10) .
The results from Fig. 16 confirm that the relationship between the coil resistance RC and the temperature can be expressed by a linear model as follows [46] .
where RC_ref is the coil resistance at reference temperature Tref, usually 20°C, and αC = 3.9×10 -3 /°C is the temperature coefficient of resistance of copper. The values of coil resistance RC increases with the temperature and can be further used to evaluate the optimal load resistance according to equation (10) . At resonance, the expression in equation (10) can be simplified to
The increasing value of RC with the rising temperature affects the change in the values of RL_opt as shown in Fig. 16 . The values of RL_opt increase with increasing temperature as well and come close to the values of RC at high temperature (>70°C). It can be described by the relation presented in equation (25) . As the temperature rises, the value of cm increases while the values of θ decreases due to the reduction in magnetic flux density B, resulting in the convergence of RL_opt to the value of RC. As a result, the ratio between RL_opt and RC approaches unity and the power delivered to the load will be decrease with increasing temperature according to equation (11) . This is shown in the results presented in Fig. 17 .
Temperature cycle test
The influence of hysteresis behaviour of a magnet on the levitated harvester is investigated in this section by recording the resonant frequency of the harvester after every 5 cycles of temperature cycling between 20°C and 80°C. The results are presented in Fig. 18 . After one cycle, the resonant frequency of the harvester decreases from 14.0 Hz to 12.0 Hz and then maintains in this level (about 12 Hz) for all subsequent cycles. When the temperature of the harvester was cooled down back to room temperature, the original strength of magnets was not recovered because the maximum temperature in the cycle test reached the maximum operating temperature of the Neodymium magnets which is 80°C. However, the resonant frequency of the harvester does not degrade further because the temperature cycling is within the same range of temperature (20°C -80°C).
Conclusion
This paper presents the influence of temperature on the performance of magnet levitated electromagnetic energy harvesters. Theoretical background about the harvester and magnetic properties has been provided with governing equation for further study. Six parameters indicating the characterizations of the harvester were investigated, i.e. magnetic flux density, resonant frequency, damping ratio, velocity of relative motion, open circuit output voltage, and optimal load resistance.
The analysis shows that the reduction of magnetic flux density with the rising temperature has an effect on performance of magnet levitated electromagnetic energy harvesters such as resonant frequency, open circuit voltage and potentially output power. These parameters start to decline significantly since 50°C which is 30 degree lower than the maximum operating temperature of the magnets used in the harvester. Variations in resonant frequency could mean the harvester is no longer tuned to the application. The increasing damping ratio with the increasing ambient temperature indicates higher parasitic damping from increased mechanical losses. The effect of temperature on the value of the optimal load resistance can lead to a drop in the harvested power. These results highlight the importance of taking operating temperature into consideration when designing an electromagnetic energy harvester.
Whilst this analysis has focused on the magnetically levitated harvester architecture, other arrangements such as cantilever-based harvesters will be similarly affected. In the case of electromagnetic devices, the reduction in magnetic flux density will directly affect the harvester output. Changes to the stiffness of the cantilever material due to varying temperature (thermoelastic coefficient) should also be considered. The Young's modulus of cantilever materials will typically fall with increasing temperature causing a decrease in resonant frequency. Using more exotic materials such as Ni-Span-C that have a much lower thermoelastic coefficient typical metals can reduce this. This also potentially applies to piezoelectric harvesters but in this case the situation is more complicated due to the different thermal expansion coefficients of the cantilever and piezoelectric materials. Piezoelectric harvesters are also subject to the Curie temperature of the piezoelectric material but these tend to be higher than those of the rare earth magnets used here. Damping effects will depend on the mechanical design of the harvester and alternative architectures may not be affected by temperature.
The induced voltage in the equation (22) is rewritten in term of total force on the magnet FT = FS -FG:
Simplifying the equations (12) based on the simple diagram of force analysis in Fig. 4 , the total force FT is given by 
where R1 is the radius of moving magnet, L1 and L2 are the length of moving magnet and fixed magnet respectively d is the distance between moving magnet and fixed magnet, D is the distance between fixed magnets, and FG is the gravitational force which is small enough to be ignored. Substituting (27) into (26) produces the induced voltage in term of the magnetic flux density B in (23). 
